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Although PCR is beginning to come of age, it is still quite common to read in the literature such statements as "PCR is not really a quantitative method" or "PCR has been shown at best to be a semi-quantitative procedure." Why is that in 1992 many people are still reluctant to associate PCR and quantitation of nucleic acids? I believe this misconception is the unfortunate result of a constant questioning of the credibility of PCR as being incapable of quantitative analysis.
Initially, PCR was not viewed as having great quantitative power, an opinion exemplified by the fact that the first two books on PCR technology had no mention of quantitation. ~ Indeed, it should come as no surprise that the factor that makes PCR so powerful, i.e., its ability to amplify small amounts of nucleic acids, exponentially (3.4) is also the factor that makes the technique so challenging as a quantitative method. Anything that is capable of interfering with the exponential amplification might ruin the intrinsic quantitative ability of PCR. (s) Therefore, the art of quantitative PCR is devoted to minimizing the amount of interference with the actual doubling of the target amplicon at each cycle and compensating for the inescapable, even if minimized, interference with the very doubling.
PCR: A TOOL FOR QUANTITATION OF NUCLEIC ACIDS
Currently, there is no doubt that PCR can be made quantitative. In a number of publications, the quantitative capability of PCR has been demonstrated by comparing it to classical means of nucleic acids quantitation, such as Northern blot or slot blot analyses. Noonan et al. (e) have reported that the results of PCR-based quantitation of multidrug resistance (MDR1) gene expression in MDRKB cell lines show a good correlation with results obtained by the traditional slot blot technology. (6) The proportionality in the relative amount of MDR1 RNA from a number of different cell lines was equivalent with both methods. Similar results were obtained when comparing MDR1 gene expression by quantitative PCR and Northern blot methodology. (7) Quantitative PCR has also been shown to correlate with in situ hybridization. This was nicely exemplified by Park and Mayo, who studied the temporal expression and localization of the progesterone receptor (PR) mRNA in the rat ovary. Their results demonstrated that an equivalent proportionality in the relative amount of RNA was obtained by both PCR and in situ hybridization. (8) All the above examples refer to relative quantitation by PCR, i.e., a relative difference in the amount of targets was quantitated rather than the real number of nucleic acid copies. One of the landmark papers on quantitative PCR was published in 1989 by Alice Wang and colleagues. (9) They not only reported relative quantitation, but they also claimed that they were able to achieve absolute quantitation. In other words, the amount of IL-I~ mRNA they measured, 1.1x104 in 1 ng of LPS-induced macrophage total RNA, was accurate. Proof of this was demonstrated by the fact that their quantitative PCR data correlated extremely well with data obtained with the Northern blot analysis.
To substantiate further the quantitative nature of PCR, I would like to review the factors affecting the quantitative power of PCR, such as the level of optimization of the amplification step and the standards utilized, as well as the methods of detection and quantitation of the amplicons. I will then discuss how to enhance the quantitative credibility of PCR procedures.
FACTORS AFFECTING THE QUANTITATIVE POWER OF PCR
Although oversimplified, quantitative power can be defined as being the level of reproducibility, precision, and accuracy achievable when quantitating a specified amount of nucleic acids. The key factors that influence the quantitative ability of a PCR procedure are the following:
1. Optimization of the amplification step. As already mentioned, the optimization of the amplification process is a major factor in quantitations. Optimization might involve changes in nucleic acids preparation, in primer usage, in buffer usage and in cycling parameters. Most of these parameters have been reviewed previously. (1'2'1~ 2. Hot start and new tricks. One of the recent developments in PCR optimization is to recognize the importance of eliminating some undesired hybridization events that often happen in the first cycle and can carry potentially devastating effects. Mullis et al. (s'14) have shown that by starting the reaction at high temperature-hot-start PCR--instead of at room temperature, the sensitivity of PCR can be improved by a 1000-fold when starting from very few target molecules in the presence of 1 I~g of genomic DNA.
Another method can be employed at the level of DNA preparation; it consists of boiling the cell lysate up to 2 hr, in-Perspective IIIlUI stead of the common 5-10 min prior to amplification.(~s'16~ A 10-fold increase in sensitivity has been achieved this way, particularly when one is using large amounts of starting genomic DNA. ~ Because the boiling process cleaves the DNA molecules, it is plausible that the enhancement in sensitivity might be due to a reduction in the overall background generated. Indeed, very few molecules besides the target would now possess enough sequence homology for both primers to land efficiently during the first and subsequent cycles. Therefore, the boiling process could mimic the hot start procedure in that it might greatly reduce the chances of amplifying non-target molecules from the very first cycle. Needless to say this procedure, contrary to the hot start, is not necessarily applicable to all systems, and might not even be appropriate for the amplification of large fragments (>1000 bp).
Finally, if hot start or the boiling process still do not provide the level of specificity needed to enhance sensitivity to the required level, one can experiment with enhancers such as the Perfect Match Polymerase Enhancer from Stratagene. ~7) This product, whose composition is proprietary, appears to increase greatly the yield and specificity of polymerase-catalyzed primer extension reactions. However, this effect is dependent upon the specific primer/template combination.
The above methods not only can produce an increase in sensitivity, but, more importantly, they can also enhance quite dramatically the reproducibility of the amplification and thus of the quantitation.
3. Linear range of amplification. The amplification process can be described with the following basic equation: Yn = (1 + R)n where Yn is the amplification factor after n cycles and R is the efficiency of amplification at each cycle. Therefore, theoretically, if the amplification precedes with an efficiency of 100% (R = 1), the amount of amplicons is doubling at each cycle. However, in most PCR procedures, the overall efficiency is less than 100% and a typical amplification runs with a constant efficiency of about 70-80% from the 15th cycle to the 30th cycle, depending on the amount of starting material. (9'43~ Indeed, the increase in the amount of amplicons stays exponential only for a limited number of cycles, after which the amplification rate reaches a plateau. The factors that contribute to this plateau phenomenon include substrate saturation of enzyme, product strand reannealing, and incomplete product strand separation. In this latter phase, the quantitated amount of amplified product is no longer proportional to the starting amount of target molecules. Therefore, to make PCR suitable in quantitative settings, it is imperative that a balance be found between a constant efficiency and an exponential phase in the amplification process. This will ultimately depend on the number of cycles, on the amount of targets in the starting material, and on the system of detection and quantitation of the amplified product. The ultimate goal of these considerations is to identify the linear range of the reaction in which the quantitated amount of amplified target is proportional to the initial amount of target molecules. Thus, linear range (or range of proportionality) might be defined as being the assays' window in which quantitation is amenable.
Kellog et al. (18~ have shown that the linear range of amplification was from 3200 to 51,200 copies of HIV-1 plasmid DNA in the presence of 1 ~g of human placental DNA with 20 cycles, from 200 to 3200 copies with 25 cycles, and from 12 to 400 copies with 30 cycles. This range was achieved using a slot-blot format with a 32p-labeled oligonucleotide probe. Two other groups have also determined that the amplification of 10-1000 copies of HIV with 30 cycles falls into the linear range of the reaction. ~1s' 19~ Either a liquid hybridization with radioactive probes or a direct labeling of the amplicons with 32p end-labeled primers was used for detection of the products. All three groups used a radioanalytic imaging system (from AMBIS) for quantitation.
These examples were chosen because they illustrate quantitative procedures that were pushed close to the limits of nucleic acid quantitation. Indeed, I would argue that it is quite difficult to find more challenging conditions for performing quantitative PCR. First, it is clear that 10 copies of a given target diluted in 1 ~g of background DNA represent an infinitesimal amount of specific DNA sequences drowning in an ocean of DNA bases. Second, quantitation below 10 copies is very difficult and cumbersome to achieve because it requires numerous runs per sample to integrate the stochastic partition of the target molecules in the quantitative analysis.
From the above three examples, one can also conclude that by using three different experimental conditions (different labeling modalities, HIV standards, and researchers), a similar linear range of amplification was obtained with the same type of substrate. It should follow that one should be able to conduct quantitative analyses with either of the three procedures and get very similar answers. Unfortunately, other parameters must be also considered. For example, the level of reproducibility and precision attached to such quantitative analyses will be dependent on the level of precision in the assessment of the amount of total genomic DNA that can be used to normalize the HIV-1 DNA copy number. I will come back to this very important issue in a few paragraphs.
Proportionality in the yield of PCR products over 2-3 logs can also be achieved with a defined number of cycles using RNA as starting material (RT-PCR). Holodniy et al. ~2~ have reported that by applying RT-PCR with 30 cycles for the quantitation of HIV-1 RNA in plasma, the linear range encompasses 2 logs, from 102 to 104 TCIDso of HIVIH B virus stock. Similarly, we have also demonstrated that for the quantitation of gag HIV-1 mRNA, proportionality was preserved between 100 and 10,000 target molecules. These values were calculated from a known number of synthetic RNA coamplified with the HIV target. (22~ Finally, Noonan et al., ~6~ quantitating the amount of MDR1 mRNA in MDR KB cell lines, have shown that with 20 cycles the relative yield of PCR products is linear over the range of 1-100 copies of MDR1 cDNA per cell. Very different methods for the detection and subsequent quantitation of the amplicons, including nonisotopic enzyme-linked affinity assay, 32p end-labeled primer, and [~-32P]dCTP labeling of the extended primer, were used in the three above examples, respectively. To summarize, it appears that when using either RNA or DNA as starting material, linear ranges of amplification can be defined and readily obtained.
STANDARDS FOR QUANTITATION
In most quantitative PCR procedures, the linear range of the amplification was evaluated on control samples or stan-dards. To be suitable in defining the window of proportionality, the standard samples should be very close in composition to what is being tested. This is usually easily achievable for DNA controls.
DNA Standards
In almost all quantitative DNA PCR procedures, the standards are amplified in separate PCR vessels and the data are utilized to create standard curves. For example, if the goal is to monitor the viral DNA load in HIV-infected individuals undergoing therapy, a good standard could be obtained by dilution of HIV DNA in seronegative peripheral blood mononuclear cells (PBMCs). (1s '16'18'19'23-27) One of the best sources of HIV DNA is a cell line carrying a known amount of integrated HIV genomes, and preferentially one would even choose a cell line with only one genome per cell. r Such controls could be ultimately used for absolute quantitation.
Quantitative analysis of specific nucleic acids implies also that the amount of starting material must be estimated either by cell counting (is) or by O.D. reading at 260/280 if the starting material consists of purified nucleic acid. (2s'28'29) PCR can also be used to quantitate retrospectively the amount of starting material and offers the advantage of working on a cell lysate for the quantitation of DNA targets. In the above HIV example, quantitation could be improved by normalizing the HIV DNA load to the human genomic DNA load in the sample. Numerous standards for quantitation of the genomic DNA content have been utilized, the most commonly used being [3-globin and HLA genes. (1s'18'23'24) A coamplification of the specific DNA sequence under investigation and a genomic DNA target in the analyzed samples can then be performed. This should add to the quantitative power of the assay because any fluctuation in the amplification efficiency should be reflected on both amplicons. Thus, a loss of efficiency in the amplification of the studied amplicon can be compensated for through the normalization process using the coamplified genomic DNA target. ~ The obvious prerequisite is that both amplifications do not interfere with each other. However, slight differences in efficiency of amplification between both sets of primers is tolerated because quantitation will be obtained after extrapolation from the two standard curves. This is not the case in assay formats in which coamplified controls are directly used for quantitation. The internal controls are often modified versions of the targets and contain the same primer sequences to insure equivalent efficiency in the amplification process. (3~ This last PCR assay format is the exception for DNA but is commonly used for the quantitative analysis of RNA targets.
RNA Standards
The search for adequate standards for RNA quantitation is much more challenging. Some investigators have used external or internal DNA standards (31-3s) for the quantitation of RNA targets, but in those instances any fluctuations in the efficiency of the reverse-transcription (RT) step are not taken into account. Controlling only one of the enzymatic reactions represents a handicap for quantitation. Indeed, the efficiency for the cDNA synthesis step is variable between methods, and ranges from 5% to 90%. (6, 34, 36) TO address this issue, a number of investigators have employed an external RNA control. (7'2~ However, some variability has also been reported within the same assay, with up to 200-300% difference in duplicated reactions. (22'39) Thus, it follows that internal RNA standards should be better suited for RNA quantitation.
A number of groups have developed procedures for the quantitative estimation of low-abundance mRNAs in which the systems are calibrated by coamplifying a relatively invariant mRNA (6'4~ or a known amount of an unrelated template RNA (4z'43) together with the investigated mRNA. As already mentioned, there are two prerequisites for such relative quantitations: The first one stipulates that the quantitation should be done in the exponential phase of the amplification process, and the second specifies that both amplicons should be amplified with the same efficiency. A third condition can be added at this point by stipulating that the control sequence should be present at an abundance comparable to that of the target sequence, thereby having similar amplification kinetics. (6'36~ This last requirement represents an obvious limitation for this quantitative RNA PCR format.
One could argue that the ultimate standard for RNA quantitation is one that is similar to the RNA control proposed by Wang et al. (9) It consists of a synthetic internal standard that uses the same primer sequences as the target mRNA but yields a PCR product of different size. Thus, a methodology based on such a standard should address all three prerequisites for RNA quantitation described above. This type of control is now widely employed (2z'44'4s) and it possesses the merit of being ultimately capable of absolute quantitation when using the proper conditions. However, contrary to the endogenous mRNA control approach, this procedure does not take into account the extent of possible degradation of the tested RNA preparation and relies on the quantitation of the starting material by O.D. readings. Furthermore, because both RNAs have different sizes and different nucleotide sequences between the two primers, changes in the secondary structure of the mRNA may occur. This, in turn, could lead to a difference in processivity of the reverse transcriptase and thus could bias quantitation when absolute evaluation of the RNA content is at stake. (4s~ To exclude the influence of fragment size on the efficiency of PCR, control cDNA can be generated from wild-type template by mutation of a restriction site. (31'46-48) The ratio of coamplified target RNA to standard RNA can then be determined after restriction endonuclease digestion and separation by gel electrophoresis. However, in this case heteroduplex formation will affect the reliable calculation of transcript concentration by up to a factor of 3. (31'46) 
METHODS OF DETECTION AND QUANTITATION
The following section surveys current trends for methods of detection and quantitation. 32p-Labeled nucleotides still represent the most commonly used tags for the detection and quantitation of amplicons. More investigators (6'9'24'31) are now using direct labeling of the amplicons instead of the old format of probe detection. There are a number of reasons for this shift: (1) because quantitation requires a great deal of optimization at the amplification level, the extra specificity brought by probing is usually not necessary; (2) the direct-labeling is faster and easier to run; and (3) the procedure potentially has a greater quantitative power because it allows a more direct reading of the amplicon's accumulation. The amplified product can be tagged either with a 3zp. end-labeled primer or with a [a_3zp]_ dXTP during the extension phase.
Procedures using end-labeling of the primer offer a higher sensitivity over procedures using the oL-labeling because the percentage of labeled amplicons generated is m u c h greater (up to a log higher). Indeed, one cannot simply lower the concentration of the corresponding nonradioactive dXTP in the dNTP stock to increase specific activity because it may interfere substantially with the amplification. (31~ As an example, my colleagues and I have found that the end-labeling approach is well suited for the quantitation of 10 HIV-1 targets in a background of 4 x 1 0 s PBMCs. (ls~ More investigators are also turning to radioimaging and direct quantitation systems, (~s'~6'z3'49) such as the AMBIS system, instead of cutting bands from gels and counting cpm in vials. Radioimaging offers precise quantitation with a dynamic range of 5 orders of magnitude whereas autoradiography's linear response range is limited to less than 3 orders of magnitude. Thus, radioimaging should be superior to densitometry scanning for quantitation. By combining direct labeling of the amplicons and radioimaging of the gels, quantitative results can be obtained rather rapidly in less than a day. The major drawback in using 32p labeling is linked to safety issues. We have tried ass end-labeling as an alternative to 32p, but the level of sensitivity was far too low to get the 30 HIV copies from the above example. Currently we are investigating the 33p, isomer which might represent a safe and sensitive alternative to 3Zp.
However, more researchers are directing their efforts toward replacing radioactive detection with equally sensitive nonradioactive techniques. As previously mentioned, a wider linear range is obtained by counting particles (5 logs for radioimaging) than by measuring transmittance of light (less than 3 logs for the scanning of an autoradiogram). Because this rule obviously also applies to nonradioactive systems, it follows that the most promising approaches are also linked to the counting of particles. This can be achieved by chemiluminescence in a format where the emission of photons is effectively counted. (z7's~ Arnold et al. (s~ have developed a method of labeling that results in attachment of a highly sensitive, nonradioactive acridin i u m ester (AE) reporter group to oligonucleotides. (s~ These highly chemiluminescent probes are sensitive to alkaline hydrolysis when they remain single stranded, but are considerably more resistant to hydrolysis when hybridized to the target DNA. Once hydrolyzed, the AE groups are no longer chemiluminescent. This method of hybridization, selective degradation, and detection, which requires no physical separation, is referred to as the hybridization protection assay and has been applied to the quantitation of HIV-1 DNA. (z7~ The use of the Southern blotting format to quantitate DNA with chemiluminesent probes and photoanalytic imaging systems is also currently under intense investigations. Fluorescent tags can also be potentially adequate for quantitative studies. (z8'63~ More data will be needed to address fully the value of these technologies in quantitative settings.
A n u m b e r of quantitative methods have been developed around nonisotopic detection techniques that produce color (3~ and can be associated with an ELISA format. (z~ However, the linear response range is rather narrow (about 2 logs) (z~ and the technology is less sensitive, with a limit of quantitation around 1000 copies.
THE QUANTITATIVE CREDIBILITY OF A PCR PROCEDURE IS INTIMATELY LINKED TO A THOROUGH UNDERSTANDING OF ITS LIMITS
In this review, I have attempted to show that m a n y combinational quantitative PCR methods exist. This diversity in published procedures, which demonstrates the vitality of the quantitative PCR field, is also its Achilles heel. In a given PCR experiment, if one only changes, for example, the current RNA target to its spliced counterpart or if one wants to move from 3zp to 33p for safety reasons, chances are that the limits of the assay will have to be reevaluated. The extreme sensitivity of quantitative PCR to any changes in the conditions of the assay demands additional effort from the investigator to insure that the analysis is done inside the established limits of the method. Therein resides the challenge. Because there are no rules on how to "rein in" a quantitative PCR assay, it may be made loose or tight depending on the controls.
Detailed Description of the "Quantitative Frame"
First, the very precise experimental conditions or "quantitative frame" in which the limits of quantitation were established must be described in detail. I shall illustrate this point through a series of examples.
It is commonplace to encounter a full evaluation of the reproducibility of a quantitative method without knowing at the end if the authors were assessing the method's intra-or interassay limits. On another level, m a n y investigators, including ourselves, have mentioned the use of external DNA standards for the quantitation of minute amounts of specific DNA targets like HIV-1. (is) Interassay limits of these procedures have been established, but what we have all failed to highlight is that the established limits are reliable only as long as one is using the same batch of standards within a given study. Indeed, we have found that even by preparing equivalent standards from the same HIV-1 DNA source, one might get enough variability between standards such that the established interassay limits are only valid if one is using the same batch of control DNA. This is not trivial at all and it has some serious implications. For example, if one wants to monitor a possible relapse in a leukemic patient over a couple of years and be in a position to draw any conclusions based on quantitative PCR, it follows that if the samples have to be run at different times, the same standard must be used. It also follows that a better approach would be to run all samples in the same PCR.
Finally, a detailed description of how to obtain consistency in the addition of synthetic RNA standards in quantitative RNA methods should be given. On one hand, it is inconvenient to prepare the RNA standard from scratch each time. On the other hand, because the amount of RNA standard added to the reaction is infinitesimal, it has to be controlled to account for possible degradation or loss. A convenient way to insure this consistency is to dilute the synthetic RNA control in a carrier RNA, such as yeast tRNA, down to the level of, for example, 1000 copies per I ~g and then to precipitate in ethanol and freeze at -70~ where it can be kept for years. ~22~ When needed, the precipitated RNA is centrifuged and the total amount is quantitated by an O.D. reading at 260. This would immediately ensure the addition of 1000 copies of standard RNA for every recovered microgram of yeast tRNA. Detailed procedures such as this would help in enhancing confidence in data obtained from quantitative PCR analyses.
Assessment of the Assay Limits
The second parameter that one should consider is the assessment of the limits of quantitative assays. This is the ultimate key to quantitative PCR. Without a good working knowledge of the assay limits there can be no quantitation.
Validation of quantitative PCR methods involves the evaluation of the following items: sensitivity, specificity, accuracy, precision, reproducibility, and linear range. ~s~176 It is important to redefine part of this terminology in the context of PCR because there is confusion throughout the literature. In most of the described methodologies, the issues of sensitivity and specificity have been addressed rather convincingly. It is important to mention that the relevant sensitivity limit in a quantitative setting is the limit of quantitation rather than the limit of detection, i.e., the ability to measure precisely and/or accurately the number of DNA copies versus the ability to detect the lower limit of the assay. The real issue is linked to precision, reproducibility, and to a lesser extent accuracy. Indeed, most investigators are interested in comparing relative amounts of nucleic acids molecules instead of determining their absolute number. Therefore, it is more important to determine assay variability instead of accuracy. Variability is comprised of precision and reproducibility. Precision represents the degree of agreement among individual test results obtained by repeatedly applying the method to multiple samplings of a homogeneous sample. Thus, for the assessment of the interassay limits, precision is the key factor that must be determined. Reproducibility is a measurement of variability between assays where conditions might change slightly, such as the use of a different batch of labeled primers or different tubes of enzyme. Thus, the variability in assays run at different times will be gauged by the combination of reproducibility and precision. It follows that the least amount of variability should be obtained when samples are run in the same assay. By definition, the best way to assess precision is to run many samples a number of times in the same assay and the best way to gauge reproducibility is to run many samples in a number of different assays. Precision and reproducibility should be measured inside the linear range of the assay. Statistical analyses are then implemented to define, on samples encompassing the linear range, the degree of precision and reproducibility of the assay. These concepts can be illustrated with a number of examples.
The first two examples concern precision. In both settings, the goal of the quantitative PCR is to monitor the amount of HIV DNA in the blood of patients under therapy. These analyses require the highest level of precision possible. In our first example, the authors developed a PCR procedure in which HIV-1 and HLA sequences were coamplifled and then detected using a liquid hybridization approach followed by gel electrophoresis and AMBIS quantitation. ~23~ To define a change in HIV viral DNA content in PBMCs, Aoki et al. evaluated the precision of their assay by running 10 replicates of a given lysate in a representative test. They chose to use a change of 19.2%, which represents two times the standard deviation, as a cutoff value to call an increase or decrease in viral load significant. This number represents extremely good precision. However, it is important to mention that this value is valid in a very restricted quantitative setting. For example, it does not take into account the fluctuation in the amount of starting material that will inevitably weaken the level of precision. Furthermore, because the 19.2% cutoff was obtained with only one lysate, it is difficult to judge if such precision is also valid for HIV copy numbers encompassing the full linear range of the assay. Last, the authors presented 95% confidence intervals. However, a more adequate assessment of the precision in this type of assay would be to use 95% tolerance intervals that are population percentile intervals. Indeed, the calculation of these intervals would be appropriate for the quantitative analysis of HIV DNA molecules in the multiple bleeds obtained during the trial for a given patient.
Our own work on HIV provides the second example. The HIV DNA quantitative assay that we have developed has a linear range of 2 orders of magnitude from 10 to 1000 copies. We used a PCR format in which HIV copy numbers are normalized to the genomic DNA load through the quantitation of a globin amplicon coamplified with its HIV counterpart. ~s3~ Our goal was to monitor patients undergoing immunotherapy, meaning that we were interested in assessing relative changes in copy numbers with the best exactness possible. We had the luxury of running all the bleed samples of a given patient in the same PCR assay at the end because the trial was blinded. Therefore, assessment of the precision of the assay was our goal. To evaluate it, we analyzed 15 different bleeds encompassing 10 to 1000 copies and, because each sample for the trial is run in duplicates, we ran four duplicates of each of the 15 bleeds. To estimate the measurement variability, an analysis of variance was performed using the logarithm of the number of DNA copies. The unexplained variability ~61~ was used to estimate the measurement error for one sample from one subject. A 95% tolerance interval was constructed using this estimate of measurement error. (62) The limits of the tolerance interval translate into percent change. Thus, an increase of 60% or more in the number of HIV DNA copies or a decrease of 38% or more is significantly greater than what could be explained by random or experimental error and can be attributed to a change in the HIV-1 status of a subject. We believe that this type of validation allows a fairly accurate evaluation of the limit of the assay. In addition, the "quantitative PCR frame," in which the estimated limits are valid, is very clear. Thus, it allows the experimenter to check on the reality of those very limits quite easily. Such verifications should become routine in clinical settings. As shown in Figure 1 , we challenged our assay limits by running the same bleed from 3 patients five times in the same PCR assay. We have demonstrated that for each patient, all quintuplet PCR values fall inside the previously established limits, i.e., less than 60% increase or 38% decrease in the copy number value does not represent a significant change (Table 1) .
Other groups have reported that coamplifications were performed in the same PCR assay as the above controls. (B) Counts per minute from the HIV-1 and globin bands were quantitated using the AMBIS Radioanalytic Imaging System and used to generate standard curves, i.e., plot of natural log of cpm versus natural log of copy number or cell number.
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rather precise quantitation of specific DNA molecules is achievable. (16,19' s2's4-s6) It is also well recognized that the level of precision attainable by PCR RNA is m u c h lower, due in part to the addition of a second enzymatic step, the reverse transcription, and in part to the fact that most of the current RNA controls carry a certain level of variability intrinsically. However, we have s h o w n that u n d e r very controlled conditions, a change as low as 100% can represent a significant increase in RNA copies. r If it is clear that great precision is attainable by PCR, this is not the case for reproducibility. The level of reproducibility described in the literature spans a rather large range from 2-to-10
As is the case for precision, better reproducibility is obtained with PCR DNA assays t h a n with RNA assays. In addition, as previously mentioned, great care has to be used w h e n the goal is to compare samples run in different assays quantitatively. Indeed, if too m a n y elements are changed between assays, for example, shifting from one batch of standards or primers, it might greatly weaken the reproducibility of the assay to a point where comparative analyses become pointless.
Of course, c o m m i t m e n t s to a thorough validation of quantitative PCR assays might be overkill for a n u m b e r of applications. I would argue, however, that regardless of the level of r e p r o d u o ibility and precision required in a given study, these items should be addressed systematically. This would ultimately eliminate the n o t i o n of "semi-quantitative," w h i c h in my m i n d is simply meaningless and even dangerous. Indeed, it is not rare to e n c o u n t e r in the same paper the word "semi-quantitative" associated with quantitative conclusions.
FINAL NOTE
In the last two decades, biologists have been using a p a n o p l y of molecular tools, such as Southern or N o r t h e r n blotting, to quantitate nucleic acids. With these tools, extra care was also needed to generate quantitative information. How- From the cpm, HIV-1 copy numbers were calculated using the regression coefficients obtained from the standard curve and were normalized to the genomic DNA load through the amplification of globin. The lower and upper boundaries were obtained by multiplying the HIV-1 copy number by 0.624 (38% decrease) and 1.603 (60% increase), respectively.
ever, unlike PCR, a more universal quantitative flame was rapidly put together and common sense controls, like running standards to create standard curves or straightforward internal controls, generally served to provide a level of confidence in the quantitative data. In PCR settings, there is a certain awareness that, because of the amplification process, common sense controls are no longer sufficient to generate enough confidence in the quantitative power of the assay (which is true). The problem arises when these controls are the only ones called upon to build the entire quantitative frame, a situation that unfortunately is still often the case. The amazing thing about quantitative PCR methodologies reported throughout the literature is that most of the time the reader senses a strong effort directed at optimizing the assays, and, most of the time, issues like the sensitivity and the specificity of the assay are adequately covered. However, too often, one cannot sense an equivalent dedication for the assessment of the limits of the assay in terms of precision, reproducibility, and accuracy, which should be the easier part. One can do the best optimization in the world, achieve the best sensitivity and specificity, and yet the real quantitative ability of an assay would be at best only elusive without a strong validation analysis to back it up. I have attempted to demonstrate what is necessary to achieve quantitation by PCR. It is a "simple" two-step procedure: first optimization and second validation. If done properly, PCR becomes a very powerful quantitative tool. 
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